Abstract-In the context of the NextGen and SESAR future airspace programmes, this paper describes a concept for an Airborne Separation Assurance (ASAS) display, that is designed to aid pilots in their task of self-separation, by visualizing the possibilities for conflict resolution that the airspace provides.
I. IN TRODUCTION
In today's airspace, increasing amounts of traffic are push ing the limits of capacity and safety. To facilitate continuing growth, new ATM concepts are under development, which allow a more flexible use of airspace [1] , [2] . These new concepts promote a shift towards airborne determination of user-preferred trajectories, where airspace capacity is expected to increase, while controller workload decreases. However, because the task of separation is shifted from the air traffic controller to the flight deck, it is expected that the pilot will need assistance to perform this task safely and efficiently.
The development of a support system requires a thorough analysis of what level of automation is required to meet with the overall system demands of safety, capacity and efficiency of flight. Crucial in this analysis will be the question of how these tasks should be allocated between humans and automation, and how the human actors can interact, and share their decision making with the automation [3] . The interaction between automation and the human actor also requires transparent functioning of the automated system. The interface should pro vide operators with information regarding their performance, and that of the automation, so that operators' self-confidence This work has been co-financed by the European Organisation for the Safety or Air Navigation (EUROCONTROL), under its Research Grant Scheme launched in 2008, and by the Nationaal Lucht-en Ruimtevaartlaboratorium (NLR). The content of the work does not necessarily reflect the official position of EUROCONTROL or the NLR on the matter.
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Although several display concepts have been developed as aids in the task of self-separation [5] - [7] , most current research on Airborne Separation Assurance Systems (ASAS) focuses on the development of automated systems that assist pilots with the separation task [6] , [8] , [9] . Generally, these sys tems provide the pilot with explicit, 'ready-to-use' resolutions to a separation conflict. Although they lead to lower pilot workload [10] , these systems also hide the cognition behind the resolution advisory. Without additional information, such systems may lead to low situation awareness (SA): The pilot is not fully aware anymore of exactly what is going on, and is unable to reason about the functioning of the automation, and other constraints and relationships within the environment under control [11] .
In the air transport domain, lack of situation awareness is nowadays considered to be one of the the main causes for human error, responsible for at least seventy percent of the incidents and accidents that occur [12] . As airborne separa tion systems move towards more automation, it will become more important than ever that automation and instrumentation promote a high level of situation awareness. This leads to the fundamental question of 'what' needs to be presented to optimize human performance from the perspective of situation awareness. In other words, how does one design for situation awareness? In this paper, Ecological Interface Design (EID), a proven design paradigm from the domain of process control [13] , will be used as a methodology to design for SA [14] .
EID is a method that addresses the cognitive interaction between humans and complex socio-technical systems. Its approach to interface design gives priority to the workers environment, or 'ecology', focusing on how the environment poses constraints on the worker [14] . Ecological displays are designed to allow for direct perception of the possibilities and constraints afforded by the work domain [15] , [16] . This way, EID aims to support each level of cognitive control [17] , while not forcing the operator to control at a higher level than necessary. By visualizing hidden constraints and relationships, ecological interfaces can transform what would otherwise be a cognitive task, into a perceptual task.
An ecological airborne separation assistance display then, should support pilot decision making in the task of self separation, rather than only providing an automated resolution.
In the domain of process control, EID had the freedom to define a new interface for the operator. For air travel, however, pilots already make use of an existing, natural ecology (ie., the ecology of locomotion). The key in designing an airborne separation support tool will be to not replace, but to enhance this existing ecology, by visualizing hidden affordances*, and exploiting the operator's natural adaptation to the ecology [19] - [23] .
This paper presents the results of a work-domain analysis of a self-separation airspace, and a concept for a separation assis tance display. The analysis employs tools such as Rasmussen's Abstraction Hierarchy [17] , [24] to obtain clear visualizations of how the work-domain shapes the affordances for a pilot in his task of self-separation. The resulting concept consists of a separation assistance interface, that presents maneuvering affordances in a flight-path angle (FPA) -track angle action space. This display concept is the third in an ongoing design process towards an integrated, three-dimensional separation assistance interface, that presents an unambiguous, complete view of the airspace affordances, in an unmanaged traffic environment [22] , [23] . This paper concludes with a discus sion on the key issues of the current display concept, with recommendations for future work.
II. WORK DOMAIN ANALYSIS FOR AIRBORNE

SEPARATION
The work domain under analysis in this study is limited to Trajectory-Based Operations (TBO) with self-separation. These operations involve trajectory (re-)planning on the flight deck, in order to assure conflict-free flight in unmanaged, i.e., self-separated airspace. In the currently proposed future airspace concepts, the preferable mode of operation is one where automated 4D trajectory prediction and control are applied throughout the whole flight [2] , [9] .
In this situation, the pilot's task will be one of monitoring separation, and selecting and applying resolution advisories, provided by the automation. The pilot should, however, be able to judge the fidelity of a proposed resolution, and be able to intervene in case the automation fails. Good situation aware ness is therefore of paramount importance, and, in this study the Abstraction Hierarchy (AH) will be employed to determine the relevant aspects of the work domain on several levels of abstraction. It will also serve to illustrate how the constraints and affordances on the different levels of abstraction interact with each other.
The abstraction hierarchy is a work-domain analysis tool that presents a stratified, hierarchical description of the workspace. Each stratum of the hierarchy represents the same system, but on a different level of abstraction. The levels are connected by means-end relationships between the adjacent levels. Along the vertical axis, commonly five levels represent * James J. Gibson defined affordances as opportunities for action, provided by an object or by the environment. An affordance is considered always in relation to the actor, and therefore dependent on the actor's capabilities [15] , [18] . For instance, with respect to an engine, air affords propulsion, but with respect to a wing, air affords lift.
the workspace at decreasing levels of abstraction, starting at the top with the purpose(s) for which the system was designed, all the way down to the spatial topology, properties, and appearance of the components that make up the system on the bottom level [24] . In previous studies on a workspace analysis for the air transport domain, it showed that dividing the horizontal dimension of the AH between items "internal", and "external" to the ownship, provides a logical structure for an abstraction hierarchy that describes this domain [20] , [21] , [25] .
A. AH for airborne separation Fig. 1 shows an abstraction hierarchy for the workspace relevant to TBO and self-separation. In this hierarchy, the most relevant goals have been highlighted, along with the corresponding means-ends relationships. In the AH, these goals are defined at the functional purpose level. In the case of ASAS self-separation applications, these are flying safely, productively, comfortably and efficiently through unmanaged airspace. For this analysis, it is assumed that safety can be assured by maintaining sufficient separation from potentially hazardous objects, such as other aircraft and terrain. In the current context, this means adhering to the defined separation minima between aircraft [26] . While they are relevant for assuring safe flight, issues such as staying within the flight envelope are kept out of the analysis. Although more complex in reality, in this paper it is defined that work is considered productive, as long as the distance to the destination is de creasing. For flight in general, comfort poses constraints such as upper limits on maneuver accelerations. The realization of efficiency is much more complicated, however, as it can be defined in many ways, such as fuel efficiency, or minimum path deviation. These constraints are beyond the scope of this paper.
The abstract function level describes the underlying rela tionships that govern the realization of the purposes of the system. In the case of air travel, this level contains the general physical laws that dictate flight, absolute and relative locomo tion, and the geometrical properties of the separation problem [25] . Although for aircraft that follow a pre-defined, four dimensional path, aircraft intent can influence the constraints that are derived on this level, the current study will only employ the current states to derive these constraints.
The generalized function level describes how the functions at the abstract function level are achieved, independent of the actual implementation of the system. Properties such as aircraft weight, lift, thrust and drag, and the maneuvering performance of the aircraft all impose internal constraints on the maneuver space of an aircraft. External obstructions further constrain this maneuver space, and dictate the (lack of) separation. On the bottom of the abstraction hierarchy, the physical form and functions are described by modeling the internal layout of aircraft components, and external airspace properties such as other traffic, weather, and terrain. The physical function level describes the various components, and their capabilities, and at the physical form level the appearance and location of 
Efficiency
I
Comfort Safety
Energy Principles of absolute Separation Management and relative locomotion
General ized Function
Weight, lift Waypomts. ManeI1venng Obstruction thrust and drag (kinematics dyniuiJlcs Obstruction motion and performance)
Physical Function
Control surfaces, wings, engine, fuselage, .
Other traffic Stationary objects (terrain, buildings, ... )
Physical Form
Ir
Location and appearance of aircraft components Weather Location and appearance properties of other traffic and stationary objects components, the airspace, and other aircraft are described. The relevant internal and external constraints which can be derived from this abstraction hierarchy will be described in more detail below.
B. Internal constraints
The internal aircraft constraints that are relevant for this work domain analysis are mainly described on the abstract function and the generalized function levels of the work domain model. They relate to the various limitations on the performance of the aircraft, such as bank limits, tum dynamics, available engine power, stall, structural considerations, buffet characteristics, and requirements on emissions and passenger comfort. These limitations result in several constraints relevant to the task of trajectory planning, such as maximum tum rates, maximum and minimum operating speeds, fastest and steepest steady climb and descent, and the steepest steady climbing and descending tum.
Another important, although not directly perceivable con straining factor is the energy state of the aircraft: For an aircraft, speed and altitude share the same energy space. The mechanism that underlies the coordination of the controls, is the management of the aircraft's energy state (abstract function level, Fig. I ). Speed and altitude are directly related to the kinetic and potential energy of the aircraft. The total amount of energy is determined by the throttle, whereas the elevator is used to control the exchange of kinetic and potential energy. The total energy state of an aircraft essentially determines the affordances for maneuvering in terms of speed and altitude [19] , [21] . Together, these internal constraints determine the part of the airspace that is reachable within a certain timespan.
C. External constraints
In unmanaged airspace, the reachable area that was defined by the internal aircraft constraints is further constrained by external factors, such as weather, terrain, other traffic, and the boundaries of the unmanaged airspace. In this analysis, the focus lies on the constraints imposed by other traffic. Traffic constraints are shaped by a minimum horizontal and vertical separation between any two aircraft, that should be adhered to at all times. With common values of 5 nautical miles horizontal, and 1,000 feet vertical separation, this results in a three-dimensional Protected Zone (PZ): A flat, three dimensional disc around each aircraft, that should remain clear of other traffic, see e.g., Fig. 2 . Intrusion of this space is referred to as a loss of separation.
A conflict is defined as a future loss of separation, within a certain observation timespan (e.g., 5 minutes). In Fig. 2 , a traffic conflict is illustrated from the perspective of ownship. This and subsequent figures depict a conflict situation between the ownship and one intruder aircraft. Although the principles presented in this analysis also hold for multiple intruder aircraft [22] , this paper only uses single intruder conflict situations to illustrate the proposed concept, for sake of clarity. In Fig. 2 ,
the ownship is flying with velocity Vown, and will eventually lose separation with the intruder aircraft, if no further action is taken. The point where separation is at a minimum is called the Closest Point of Approach (CPA). It can be seen that even when the ownship turns away from the conflict location, resulting in Vnew in Fig. 2 , separation can still be lost.
This adverse effect can be eliminated by examining the conflict situation in a relative velocity field [22] , [23] . Under the assumption that intruder and ownship state remain un changed in the near future, a conflict can be predicted using the relative speed of ownship, with respect to the intruder aircraft, Fig. 3 shows a conflict in the relative velocity field. When the line extended from the relative velocity vector crosses the intruder protected zone, a loss of separation will occur in the near future. By drawing lines through the ownship position, that are tangent to the intruder PZ, a three-dimensional wedge shaped area can be defined, which marks the constraints that other traffic imposes on ownship relative motion with respect to an intruder aircraft (Fig. 3) .
Unlike the absolute, spatial representation in Fig. 2 , this representation only varies as a function of time (i.e., the wedge will expand as a function of the closing speed of the intruder aircraft, with respect to ownship). This means that for the current time, the three-dimensional wedge shape represents the complete set of relative velocity vectors that would result in a loss of separation.
III. FUNCTIONAL PRESENTATION OF CONSTRAINTS
Although a work-domain analysis provides insight in the structure and content of the work domain, it still requires a translation of this analysis into a practical interface de sign. Functional presentations of constraints and relations in a system should formulate the behavior of that system in terms that are relevant to achieving its ends. For trajectory planning, this implies that the goal-relevant affordances must be visualized in such a way, that the pilot's perception of these cues directly triggers desired goal-directed steering actions. A visualization is required that not only is compatible with the various identified constraints, but should also be able to reveal the relations between these constraints.
A. Traffic constraints Fig. 2 already illustrated that presenting conflicts in absolute space is problematic: The closest point of approach is not constant, as it depends on the relative motion of two aircraft. It changes as a function of ownship and intruder velocity and heading. With the design of a horizontal and a vertical separation assistance display, previous studies illustrated that the affordance of avoidance can be consistently represented in a relative velocity field [22] , [23] (Fig. 3) . A disadvantageous aspect of the relative velocity field, however, is that it is hard for pilots to relate their affordances of control in absolute space, to a velocity constraint zone expressed in relative space. In previous research, van Dam [22] showed that this relation can be made visible, by translating the constraint zone and relative velocity vector by the intruder velocity vector, as shown in Fig. 4 .
Fig. 4. Constraints on ownship velocity
The three-dimensional area in Fig. 4 represents the instanta neous constraints that the intruder position and velocity vector impose on the affordances for ownship locomotion. It not only reveals the individual affordances for ownship velocity, Flight Path Angle (FPA), and track angle, but also the interaction between the constraints of these three locomotion variables.
Earlier designs of separation assistance displays reduced the complexity of this three-dimensional problem by relating several key controllable variables to a planar projection of the three-dimensional conflict situation. For instance, the X ATP display presents the affordances for aircraft airspeed and track using a horizontal projection of the conflict situation [22] , whereas the VSAD interface relates airspeed and vertical speed to a vertical projection of the constraints [23] . An often heard comment from professional airline pilots, in the evaluation of these previous designs, was, that while it featured as a valid and equal option in both displays, velocity changes are rarely used when resolving a conflict [27] . Based on this feedback, this study investigates a cylindrical projection of an FPA track angle action space, which will be derived using spherical cutting planes based on constant velocity. The remainder of this section will discuss the applied projection method, and the derivation of affordance zones using the spherical cutting planes, respectively. to x and y screen coordinates. This method of projection results in size and shape distortions for large azimuth angles. However, the influence of this effect on the perception of the relevant combined internal and external constraints can be considered small, as the flight-path angle 'Y will never be very large for commercial aircraft. For sake of clarity of the presented affordance cues, the line of sight of the projection is aligned with the current aircraft groundtrack, but is stationary with respect to roll and pitch angles of the aircraft, keeping azimuth offset eo fixed. This results in an earth-referenced, 'outside-in' representation of the surroundings, as opposed to the more classical inside-out presentation employed in the current Primary Flight Display. The derivations below will employ a virtual projection spherical surface, centered around ownship at an (arbitrary) distance, Dproj (see e.g., Fig. 7) , to illustrate the projections.
-> ----: :: ::� �� V int �===: :s� 2) Ownship velocity direct constraints: The first projection IS based on an intersection between the three-dimensional constraint zone (Fig. 4) and a spherical cutting plane with the current ownship velocity magnitude as radius, see Fig. 6 . Based on pilot feedback that expressed a preference against the use of speed changes when resolving conflicts, it is assumed at this stage that velocity is kept constant. Future design iterations will investigate what exactly can be done in order to include a visualization of the effects of changes in ownship velocity. Note that the constraint areas from multiple intruder aircraft can be combined, in order to obtain a complete, instantaneous FPV action space, that addresses all current (possible) conflicts [22] . Fig. 5 shows several shapes that the two-dimensional projec tion of the flight-path vector constraint area can take. Fig. 5(a) shows the result of the example projection from Figures 3-7. In this case, the intruder aircraft is situated to the right of ownship, flying at the same altitude. If ownship is flying level, ownship and intruder will eventually lose separation if no further action is taken. Fig. 5(b) shows a situation where the ownship velocity-sphere intersects the constraint-wedge twice. This can happen when an intruder is flying at a greater velocity than ownship, and intruder and ownship's tracks will be crossing sharply (b.'IjJ ':::' 90°). Fig. 5(c) shows a situation where an intruder is overtaking ownship from directly behind, flying at a higher altitude. Because the intruder is close to ownship, almost all climbing maneuvers of ownship would lead to a loss of separation.
3) Conflict geometry projection: While the flight-path vector constraint projection performs well at presenting con straints that the pilot can directly relate to the locomotion affordances of the aircraft, it does not show the specifics of each conflict: it is difficult to determine which intruder is causing a conflict, and how such a conflict would evolve. A second projection is constructed, therefore, to illustrate the geometry of individual conflicts. It combines a projection of intruder relative velocity constraints, and of the intruder protected zone, using the same projection surface as was used for the flight-path vector constraint zone.
The relative velocity constraints can be obtained using the intersection of a sphere, with its radius equal to the magnitude
of the relative velocity vector, V rel,int = V int -Vown, and the three-dimensional wedge shape from Fig. 8 . The resulting shape, indicated as Srel,int in Fig. 8 , represents all velocities with equal magnitude of the intruder relative to ownship that correspond with possible future loss of separation. Next, this area is projected onto the projection sphere described in
Sec. III-A 1, together with the current relative speed, V rel,int, and the contour of the intruder PZ, see Fig. 9 .
----+
In this figure, V�el int is the projected relative velocity vector, S� el int is the p ' rojection of the relative velocity con straint area, ' and P Z: nt is the projection of the protected zone of the intruder. In the two-dimensional presentation on the display, the location on the display of each of these combined projections illustrates the direction of the line-of-sight to the respective intruder. The altitude difference between ownship and the intruder is further emphasized by the curvature of the projected intruder PZ. The curvature in this projection is caused by the circular shape of the protected zone, and changes as a function of the vertical position of the intruder, relative to the ownship. indicates how ownship and the intruder will pass each other, whereas its proximity to the boundary of the constraint area shows how closely they will pass each other. Furthermore, with respect to the size of the intruder's projected PZ, the size of the relative velocity constraint zone can be used as an indication for the closing rate between intruder and ownship. As a result of the projection onto the projection sphere of the relative velocity vector, it is no longer distinguisable ----+ whether V rel,int is aimed towards, or away from ownship.
To resolve this ambiguity on the display, four lines are drawn from the boundaries of the puck towards the tip of the relative ----+ velocity vector, when V rel,int is aimed towards ownship.
The two-dimensional presentation of this projection results in a (ice-hockey) puck-like shape. Fig. 10 and Fig. II show two examples of what this 'puck' may look like, for different situations. In Fig. 10 , an intruder is flying in front of, and to the right of ownship, at a higher altitude than ownship. The projected relative velocity vector points outside of the relative velocity constraint zone, indicating that ownship and intruder are not in conflict. The direction of the relative velocity vector reveals that the intruder will eventually pass behind and above ownship, if neither aircraft maneuvers. In Fig. 11 , the intruder is flying behind ownship, on the same course, but at a higher velocity. The relative velocity vector is such that it points directly at ownship, and therefore is located in the center of the 'puck'. This means that in this situation a collision would occur, if no further action is taken.
B. Production and maneuvering constraints
For the horizontal concept, productivity was considered in terms of destination approximation, which for the horizontal projection in the X-ATP display translated into relative track angle constraints of ±90° around the desired track [22] . For the current concept these limits can also be marked on the display. It is further assumed that altitude change resolutions do not affect the production goal, as the horizontal trajectory is maintained, and vertical maneuver delays are negligible. For the current application, the climb and glide performance are considered at a constant airspeed. While potential -kinetic energy exchanges might indeed form interesting maneuvering possibilities for conflict resolution, they are beyond the scope of the current study.
Climbing and gliding constraints at a constant airspeed can be determined as a function of the maximum thrust, the glide ratio, and the roll angle. At a given altitude, these constraints translate into a maximum and a minimum flight-path angle "(. In an angular projection such as described in Sec. III-A 1, these constraints can be indicated with lines of constant azimuth. In order to perform a steady climb or descent, a pilot has to manage the energy state of the aircraft. More precisely, he/she has to keep the kinetic energy rate to zero, and the potential energy such, that it matches the desired flight-path angle. In previous work, Amelink [19] described how the total energy rate of an aircraft can be expressed as a total energy angle, ,E. When shown in conjunction with the flight-path angle, " the total energy angle also reveals the individual kinetic and potential energy rates to the pilot. Figure 12 illustrates the first design prototype of the sepa ration assurance interface, which presents the separation assis tance display elements introduced in the previous section, on an equidistant cylindrical projection of the airspace surround ing ownship. In this concept, the horizontal axis represents the full track angle range, ±180 degrees, and behaves like a compass. This means that when ownship changes heading, the separation elements on the display shift horizontally, corre sponding to the change in heading. The production constraints from the work-domain analysis are visualized by indicating the ±90 degree limits with vertical lines O. The vertical axis of the current concept presents the azimuth angle, in an earth-fixed frame of reference, ranging from -90 to 90 degrees.
IV. THE DISPLAY CONCEPT
Vertical ownship maneuvers are visualized with the vertical offset of the flight-path vector symbol @, from the center line of the display. Together with the flight-path angle, the energy angle is shown as well 8, i.e., the flight-path the pilot can select to realize a steady climb or descent. The steepest steady climb and descent for the current velocity are shown with the dashed lines O. They relate to the function of energy management, and with constraints they relate to the safety goal.
Intruder aircraft that are in conflict with ownship, or can get into conflict with ownship within the prediction horizon, are shown using the puck 0. For each intruder aircraft within detection range, one puck is shown on the interface. The center of the puck represents the line of sight to the intruder. The arrow and its four lines indicate the direction and (projected) magnitude of the relative velocity of the intruder. When the lines are present the intruder is moving towards ownship, when they are absent the intruder is moving away from ownship. The size of the puck depends on the distance to the ownship.
The shaded area in the puck represents the constraints for the velocity of the intruder, relative to ownship. If the tip of the relative velocity vector is located inside this area, and has the four lines attached, a loss of separation will occur within the look-ahead horizon. The puck primarily relates to the safety goal, and shows relations between obstruction, relative motion, and separation from the AH.
Constraints on ownship flight-path vector are shown with a shaded area 0. Note that this area is only valid for the current speed. Conflict urgency can be indicated by (locally) varying the color of the flight-path constraint area. In case of multiple intruders, constraint areas can be combined. In situations where areas with different conflict urgency levels overlap, the color of the shaded area is determined based on the highest urgency. 0 shows the affordance of conflict, as well as the affordance of avoidance, and relates to the safety goal, as well as to the efficiency goal (through the shortest way out principle [22] ). Intruder flight-path vectors are shown as dots on the display fl. Moving the ownship flight-path vector towards one of these dots to resolve a conflict will lead to a very inefficient resolution, as this maneuver will cause ownship to fly parallel to the intruder [22] .
V. DISCUSSION
The work presented in this paper is part of an ongoing study on the design of a trajectory planning aid. The intended goal is to obtain a graphical interface, that supports pilots in their new task of airborne reconfiguration of a pre-planned trajectory, in case of traffic conflicts in unmanaged airspace. For a pilot to function consistently well in this new task, the interface should promote a high level of situation awareness, supporting the pilot in routine, as well as unforeseen situations. This study adopts an ecological design approach, where results from a work-domain analysis on multiple levels of abstraction are used to develop a visual representation of the travel constraints.
Previous work from this study resulted in two concepts of separation assistance displays. The X-ATP display presents a horizontal projection of the constraints and affordances, which resulted in a speed-track angle action space overlay on the Navigation Display [22] . This display has since then been extended, by showing the effects of maneuver dynamics and ownship and traffic intent on the presentation of the affordance space [28] . The VSAD display works in a similar fashion, but instead of showing a horizontal projection of the locomotion constraints, it uses a vertical constraint projection to create an FPA-speed action space that is presented as an overlay on a Vertical Situation Display (V SD) [23] .
Both these displays provide a projection of a certain ac tion space: the action of locomotion of an aircraft in three dimensional space, which can be defined by flight parameters track angle, flight-path angle, and velocity. For this three dimensional action space, the X-ATP and VSAD displays can be regarded as two orthogonal views on the three-dimensional affordance space. The FPA-track angle affordance zone pre sented in this paper, then, would be the remaining third view. Considering the preference of airline pilots to keep the airspeed constant [27] , it can be hypothesized that the FPA-track angle combination should be the preffered projection.
A consequence of the current choice of cutting-planes is that the visualized affordances that relate to ownship motion relate to track angle and vertical speed changes, however, they do not show the affordances in terms of ownship velocity. Although pilot feedback in the evaluation experiments of the previous concepts already indicated that velocity changes are not preferred, and therefore rarely used when resolving con flicts, the 'perfect ecological interface' would ideally present the affordances for all of the pilot's maneuvering options.
